Protein aggregation is observed in various neurodegeneration diseases, including Parkinson's disease (PD). Alpha-synuclein, a causative gene product of familial PD, is a major component of large aggregates (inclusion bodies) in PD. Prefoldin, a molecular chaperone comprised of six subunits, PFD1~6, prevents misfolding of newly synthesized nascent polypeptides and also prevents aggregation of protein such as a pathogenic form of Huntingtin, a causative gene product of Huntington disease. In this study, we first found that aggregation of TagRFP-tagged wild-type -synuclein and its pathogenic mutants, but not that of GFP-tagged -synuclein, 
Huntington disease (HD) are caused by neuronal cell death, which is induced by various factors including genetic and environmental factors. In these diseases, proteins with improper conformation are oligomerized and aggregated into β-sheet-rich fibrils, thereby forming large aggregates (inclusion bodies) in affected neurons, suggesting that dysfunction of repair systems converting improper conformation to normal conformation of proteins leads to the onset of these neurodegenerative diseases (see recent reviews, references therein: Cohen, 2012; Takalo et al., 2013; Chhangani and Mishra, 2013 ) . It is well known that molecular chaperones play a role in formation of properly folded proteins through binding to newly synthesized unfolded proteins or through preventing protein aggregations (Morimoto, 2008; Broadley and Hartl, 2009; Clare and Saibil, 2013; Chaari et al., 2013; Kim et al., 2013) . It has been reported that Hsp70 prevents aggregation of amyloid , -synuclein and pathogenic Huntington in AD, PD and HD, respectively (Warrick et al., 1999; Kazemi-Esfarjani and Benzer, 2000; Muchowski et al., 2000; Evans et al., 2006; Wacker et al., 2004; Klucken et al., 2004) and that chaperonin TriC/CCT prevents aggregation of pathogenic Huntingtin (Behrends et al., 2006; Kitamura et al., 2006; Tam et al., 2006) . These findings suggest that elucidation of the molecular mechanisms underlying prevention of protein aggregation by chaperones will lead to an understanding of one of the mechanisms of the onset of neurodegenerative diseases.
Prefoldin is a molecular chaperone that assists folding of newly synthesized polypeptide chains such as actin and tubulin (Vainberg et al., 1998; Geissler et al., 1998) . Prefoldin binds to proteins that have been synthesized in ribosomes and transports them to chaperonin Tric/CCT in cooperation with Hsp70 and Hsp40 (Vainberg et al., 1998; Geissler et al., 1998; Siegers et al., 1999; Hartl and Hayer-Hartl, 2002) . Prefoldin is comprised of six subunits including two -subunits (PFD3 and PFD5) and four -subunits (PFD1, PFD2, PFD4 and PFD6). The coiled-coiled regions present in both N-and C-terminal regions in prefoldin form a "jellyfish-like" structure and bind to substrates with their tentacle-like structures (Siegert et al., 2000; Martin-Benito et al., 2007) . Furthermore, it has been reported that archaeal prefoldin stimulates formation of soluble amyloid  oligomers to inhibit their fibril formation in vitro (Sakono et al., 2008) and that human prefoldin inhibits A fibrillation to form nontoxic A aggregates . We have reported that prefoldin inhibited aggregate and inclusion formation of exogenously added pathogenic Huntingtin in cells (Tashiro et al., 2013) and that knockdown of prefoldin expression and mutation of PFD5 caused accumulation of ubiquitinated protein aggregates in cells and mice, resulting in reduced cell viability . These findings suggest that prefoldin plays a modifier role against the toxicity of misfolded proteins, including proteins that cause neurodegenerative diseases.
PD is a movement disorder that occurs due to dopaminergic cell death in the substantia nigra, resulting in a reduced level of dopamine in the striatum. Although familial PD cases account for 10% of total cases of PD, investigations of the functions of familial PD gene products have provided great insights into the molecular mechanisms of the onset of PD, and familial PD gene products are thought to also play roles in the pathogenesis of sporadic PD (see recent reviews, Sai et al., 2012; Hauser and Hastings, 2013; Ariga et al., 2013) . The -synuclein gene is the familial PD gene park1, and three missense mutations coding for A30P, A53T and E46K -synuclein have been found (Polymeropoulos et al., 1997; Krüger et al., 1998; Zarranz et al., 2004) . Furthermore, duplication and triplication of the -synuclein gene are also known as park4 (Zarranz et al., 2004; Chartier-Harlin et al., 2004; Ibáñez et al., 2004) . Alpha-synuclein is a major component of the inclusion body termed Lewy body and is ubiquitinated in Lewy bodies of PD patients (Singleton et al., 2003; Liani et al., 2004) . The monomer of -synuclein is 5 assumed to be misfolded by various stresses and to form fibrils and large inclusions (see recent review: Chaari et al., 2013) . Although inclusion bodies containing -synuclein have long been thought to be a causative factor for PD, accumulating evidence suggests that formation of the inclusion is not correlated with neuronal cell death and that the inclusion body acts as a deposit of aggregated proteins to decrease the risk of neuronal cell death (Zarranz et al., 2004; Chaari et al., 2013) .
In this study, we investigated the effect of prefoldin on aggregation of TagRFP-tagged -synuclein and cell death induced by aggregated -synuclein and we found that knockdown of prefoldin caused accumulation of ubiquitinated -synuclein aggregates in co-localization with the prefoldin complex and decreased cell viability, suggesting that prefoldin works as a protective factor in aggregated -synuclein-induced cell death.
Results

Establishment of a monitoring system for detection of -synuclein aggregation in cells.
Since wild-type and mutant -synuclein are known to be prone to aggregation (Polymeropoulos et al., 1997; Krüger et al., 1998; Zarranz et al., 2004; Chaari et al., 2013) , GFP-tagged wild-type -synuclein and three mutants of -synuclein, A30P, A53T and E46K, were transfected into human SH-SY5Y and mouse Neuro-2a cells and proteins were visualized 48 h after transfection.
No or little aggregation of -synuclein, however, was observed (data not shown). Since it has been reported that ubiquitinated -synuclein and its aggregates are degraded by the ubiquitin-proteasome system or by lysosome-mediated autophagy in which various proteinases degrade protein aggregates under pH 4.5-5.0 (see a recent review, references therein: Nixon et al., 2013) and since the fluorescence of GFP is weakened under pH conditions of 4.5-5.0, 6 -synuclein was tagged with TagRFP (pKa 3.8), which is stable red fluorescence protein under an acidic condition (Merzlyak et al., 2007) . Forty-eight h after transfection of TagRFP-wild-type and mutant -synuclein into Neuro-2a cells, the expression levels of transfected -synuclein in cell extracts were examined by Western blotting with anti-TagRFP and anti--synuclein antibodies and their fluorescence images were examined by using a confocal laser microscope (Figs. 1A and 1B, respectively) . The results showed that the expression levels of wild-type -synuclein and its three mutants were similar (Fig. 1A) . Since a band with a size identical to that of TagRFP was always obtained in Western blotting without any transfection, the band that appeared in a TagRFP-transfected lane is a non-specific band. Stained images and their quantified data showed that dot/aggregation of wild-type -synuclein and its three mutants, but not that of TagRFP alone, occurred in cells, and that the highest level of aggregation occurred in TagRFP-A53T -synuclein-transfected cells with similar levels of aggregation in wild-type, A30P and E46K -synuclein-transfected cells, being consistent with results of previous studies (Conway et al., 1998; Narhi et al., 1999; Winner et al., 2011) (Figs. 1B and 1C) . Wild-type and A53T -synuclein were therefore used for further study.
Co-localization of aggregated -synuclein with the prefoldin complex.
Since aggregation of TagRFP--synuclein, but not that of GFP--synuclein, was observed in Neuro-2a cells, it was thought that aggregation of TagRFP--synuclein occurred in acidic organelles such as lysosomes. To examine this, Neuro-2a cells were transfected with wild-type and A53T -synuclein and stained with Lysotracker at 48 h after transfection, and cell images were obtained under a confocal laser microscope. As shown in merged figures of Fig. 2A , all of the dots/aggregates of TagRFP--synuclein were co-localized with those of LysoTracker signals.
7
TagRFP-wild-type and TagRFP-A53T -synuclein-transfected Neuro-2a cells were then stained with an anti-ubiquitin antibody followed by an FITC-conjugated secondary antibody, and the results showed that aggregates of both wild-type and A53T -synuclein were colocalized with ubiquitin, indicating that TagRFP-wild-type and TagRFP-A53T -synuclein were ubiquitinated (Fig. 2B) . We have established an anti-prefoldin antibody that recognizes the prefoldin complex but not its 6 subunits . By using this antibody, aggregates of both TagRFP-wild-type and TagRFP-A53T -synuclein were found to be co-localized with the prefoldin complex (Fig. 2C) . These results indicate that ubiquitinated TagRFP--synuclein aggregates were co-localized with the prefoldin complex in the lysosome.
Stimulation of -synuclein aggregation and cell death in prefoldin-knockdowned Neuro-2a cells.
To examine the role of prefoldin in -synuclein aggregation, knockdown of the expression of prefoldin subunits in cells was carried out using siRNAs targeting prefoldin subunits. Since the prefoldin complex contains two -type subunits (PFD3 and PFD5) and four -type subunits (PFD1, PFD2, PFD4 and PFD6), siRNAs targeting PFD5 (-type subunit) and PFD2 (-type subunit) were chosen for knockdown. As previously reported (Miyazawa et al., 2011; Tashiro et al., 2013; Abe et al., 2013) , knockdown of either PFD2 or PFD5 reduced the expression levels of other prefoldin subunits (Fig. 3A) and knockdown of PFD2 and PFD5 disrupted the prefoldin complex detected by a glycerol density gradient centrifugation (data not shown). Neuro-2a cells were transfected with PFD2 siRNA, PFD5 siRNA or non-specific siRNA as a control.
Twenty-four h after transfection, cells were transfected with expression vectors for TagRFP, TagRFP-wild-type -synuclein and TagRFP-A53T -synuclein. Forty-eight hr after transfection of TagRFP proteins, proteins in cells were first examined by Western blotting with anti-TagRFP, anti--synuclein, anti-PFD2 and anti-PFD5 antibodies. As shown in Fig. 3A , expression levels of PFD2 and PFD5 were reduced, but those of TagRFP proteins were not changed after transfection of siRNAs into Neuro-2a cells. TagRFP signals in cells were then analyzed using a fluorescence microscope at 48 h after transfection of TagRFP proteins. As shown in Figs. 3B-3D, both PFD2 and PFD5 knockdown increased the number of dots/aggregates in TagRFP-wild-type -synuclein and TagRFP-A53T -synuclein-expressing cells but not in cells expressing TagRFP.
The number of cells containing more than 2 aggregates/cell was greater in TagRFP-A53T -synuclein-expressing cells than in TagRFP-wild-type -synuclein-expressing cells.
Neuro-2a cells were transfected with PFD2 siRNA and PFD5 siRNA and then transfected with expression vectors for TagRFP, TagRFP-wild-type -synuclein and TagRFP-A53T -synuclein as described above. Forty-eight h after transfection of TagRFP proteins, cell viability was examined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays.
As shown in Fig. 4A , knockdown of both PFD2 and PFD5 significantly decreased the viability of TagRFP-wild-type -synuclein and TagRFP-A53T -synuclein-transfected cells but not that of TagRFP-transfected cells. LDL assays were also carried out to examine the effect of prefoldin-knockdown on viability of TagRFP--synuclein-transfected cells. As shown in Fig. 4B , prefoldin-knockdown using PFD2 siRNA and PFD5 siRNA specifically increased cell toxicity.
These results suggest prefoldin-dependent protective reactions against toxicity of -synuclein aggregation in Neuro-2a cells.
Discussion
In this study, we first found that TagRFP-wild-type -synuclein and pathogenic mutants of -synuclein were ubiquitinated and aggregated in co-localization with the prefoldin complex in the lysosome (Figs. 1 and 2 ). We then found that knockdown of prefoldin expression increased the level of aggregated -synuclein and reduced viability of transfected Neuro-2a cells (Figs. 3   and 4) . These results suggest that prefoldin plays a role in preventing -synuclein-induced cell toxicity.
It is known that -synuclein is oligomerized and aggregated into β-sheet-rich fibrils in the cytoplasm, thereby forming large aggregates/inclusion termed Lewy bodies (Zarranz et al., 2004; Chaari et al., 2013) . Alpha-synuclein in Lewy bodies was shown to be ubiquitinated (Singleton et al., 2003; Liani et al., 2004) . It has been suggested that after disruption of the lysosome-mediated degradation system due to accumulation of some -synuclein aggregates in the lysosome, formation of -synuclein aggregates in the cytoplasm is further accelerated and then a Lewy body is formed (Zarranz et al., 2004) . Since TagRFP-tagged -synuclein used in this study was aggregated and ubiquitinated ( Figs. 1 and 2B) , it is thought that aggregates of TagRFP--synuclein are aggregates before or during Lewy body formation. Aggregates of TagRFP-wild-type -synuclein and TagRFP-mutants of -synuclein were colocalized with the prefoldin complex in the lysosome, though most of the prefoldin was localized in the cytoplasm ( Figs. 2A and 2C ). This conclusion is consistent of the results in our previous report, in which the prefoldin complex was co-localized with ubiquitinated protein .
Furthermore, the number of -synuclein aggregate-containing cells and ratio of cell death were increased in prefoldin-knockdown cells (Figs. 3 and 4) . Small aggregates of -synuclein are thought to be more toxic than large aggregates (Chaari et al., 2013) . Since prefoldin assists folding of newly synthesized unfolded proteins (Vainberg et al., 1998; Geissler et al., 1998) and since prefoldin reduced aggregation of -synuclein in this study, it is thought that prefoldin inhibits early stages of the aggregation of -synuclein such as formation of small oligomers.
Indeed, we have shown that prefoldin inhibits formation of pathogenic Huntingtin oligomers that are larger than a dimer and trimer (Tashiro et al., 2013) . Alternatively, it is also possible that the effects of prefoldin knockdown on synuclein aggregation and toxicity are indirect, perhaps through the accumulation of unrelated misfolded nascent proteins that then compromise the overall folding capacity of the cell. Many of the -synuclein aggregates are known to be degraded by autolysosomes through macroautophagy (Yu et al., 2009; Spencer et al., 2009; Ebrahimi-Fakhari et al., 2011) . Although prefoldin prevents aggregation of ubiquitinated proteins even in the absence of autophagy , the results in the present study also suggest that prefoldin assists autophagy-dependent degradation of -synuclein aggregates by delivering them into the lysosome.
Experimental procedures
Plasmids
Nucleotide sequences used for PCR primers are as follows: -synuclein5'-EcoRI:
5'-GGGAATTCATGGATGTATTCATGAAAGGA-3'; -synuclein3'-SalI:
5'-GTCGACGGGGCTTCAGGTTCGTA-3'; -synuclein-A30Psense; 5'-GTGTGGCAGAAGCACAGGAAAGACAAAAG-3'; -synuclein-A30Pantisense:
5'-CTTTTGTCTTTCCTGGTGCTTCTGCCACAC-3'; -synuclein-A53Tsense:
5'-TGGTGCATGGTGTGACAACAGTGGCTGAGA-3'; -synuclein-A53Tantisense;
5'-TCTCAGCCACTGTTGTCACACCATGCACCA-3'; -synuclein-E46Ksense:
5'-GCTCCAAAACCAAGAAGGGAGTGGTGCATG-3' and -synuclein-E46Kantisense:
5'-CATGCACCACTCCCTTCTTGGTTTTGGAGC-3'. pTagRFP-N1 was obtained from 11 Evrogen (Moscow, Russia). For pTagRFP--synuclein, PCR was carried out using two primers (-synuclein5'-EcoRI and -synuclein3'-SalI) and pHM5--synuclein as a template. The resultant PCR product was then digested with EcoRI and SalI and inserted into EcoRI/SalI sites of pTagRFP-N1. For pTagRFP-A30P -synuclein, pTagRFP-A53T -synuclein and pTagRFP-E46K -synuclein, PCR was carried out using sense and antisense primers corresponding to their mutations described above and using pTagRFP--synuclein as a template. The resultant PCR product was then digested with DpnI and used for transformation into E. coli.
Analysis of aggregate-containing cells
Neuroblastoma Neuro-2a cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% calf serum. Cells were cultured on a 3.5-cm glass-bottom dish (Iwaki, Tokyo, Japan) coated with type IV collagen (Cellmatrix, Nitta Gelatin, Osaka, Japan) and transfected with 0.05 g of pTagRFP-N1, pTagRFP--synuclein and its mutant versions using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). Forty-eight h after transfection, cells were fixed and stained with 100 nM Lysotracker Green DND-26 (Molecular Probes, Eugene, OR, USA) or with anti-multi-ubiquitin (1/50 dilution, DAKO, Glostrup, Denmark) and anti-prefoldin (1/50 dilution) antibodies followed by respective secondary antibodies. Cell images were visualized by using a confocal laser microscope (LSM510, Zeiss, Jena, Germany).
An anti-prefoldin antibody was established by us as described previously .
Aggregated dots in this study were defined as visible large spots of TagRFP signals in cells.
About 300 cells were counted in each figure.
To examine the role of prefoldin in aggregation of -synuclein, knockdown of -synuclein expression was carried out using specific siRNAs. Nucleotide sequences of the upper and lower 12 strands for siRNA were as follows: 5'-GGAGCAUGUGCUUAUUGAUGU-3' and 5'-AUCAAUAAGCACAUGCUCCAC-3' for PFD2, and 5'-GGAGCGGACUGUCAAAGAATT-3' and 5'-UUCUUUGACAGUCCGCUCCTT-3' for PFD5. Neuro-2a cells were first transfected with PFD2 siRNA and PFD5 siRNA using Lipofectamine 2000 reagent. Allstars Negative control siRNA (Qiagen, Hilden, Germany) was used as a non-specific negative control (Qiagen). Twenty-four h after transfection, cells were transfected with pTagRFP-N1, pTagRFP--synuclein and its mutant versions as described above.
Forty-eight h after transfection, cell images were obtained as described above.
Analysis of cell death
Neuro-2a cells in 96-well plates (3.3 x 10 3 cells/dish) were first transfected with 1.33 m PFD2 siRNA, PFD5 siRNA and control siRNA using Lipofectamine 2000 reagent. Twenty-four h after transfection, cells were transfected with 1.67 x 10 -3 g of pTagRFP-N1, pTagRFP--synuclein and its mutant versions. Forty-eight h after transfection, cell viability was examined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays.
To assess cell viability, LDH assays were carried out using cell extracts from cultured
Neuro-2a cells as described above. LDH assays were carried out using an LDL assay kit (CytoTox-ONE TM Homogeneous Membrane Integrity Assay kit, Promega) according to the supplier's protocol. Briefly, 300 l of cell extract was mixed with 300 l of CytoTox-ONE reagent and incubated at 2°C for 10 min, and its fluorescence intensity (Ex = 560 nm, Em = 590 nm) was measured using a fluorescent spectrophotometer (F-2500, Hitachi).
Western blotting
Neuro-2a cells in 6-well dishes (1.25 x 10 -5 cells/well) were transfected with 0.05 g of pTagRFP-N1, pTagRFP--synuclein and its mutant versions using Lipofectamine 2000 reagent.
Forty-eight h after transfection, proteins were extracted from cells after incubation of cells with a
Hepes buffer containing 40 mM Hepes-NaOH (pH 7.4), 120 mM NaCl, 1 mM EDTA, 0.5% NP-40 and protease inhibitors and subjected to Western blot analysis with anti--synuclein
(1/5000 dilution, BD, Franklin Lakes, NJ, USA), anti-TagRFP (1/5000 dilution, Evrogen),
anti-PFD 2 (1/1000 dilution) and anti-PFD5 (1/1000 dilution, S-20, Santa Cruz, Santa Cruz, CA, USA) antibodies. Proteins were then reacted with an IRDye800-or Alexa Fluor 680-conjugated secondary antibody and visualized by using an infrared imaging system (Odyssey, LI-COR, Lincoln, NE, USA). An anti-PFD2 antibody was established by us as described previously (Tashiro et al., 2013) .
Statistical analyses
Data are expressed as means ± S.D. or ± S.E. Statistical analyses were performed using analysis of variance (one-way ANOVA) followed by the Tukey-Kramer test. 
